Biofilms are important components of the mercury (Hg) biogeochemical cycle. However, Hg effects on biofilm communities are overlooked. Here, we present results of a pilot study on the chronic effects of Hg on biofilms, notably on the potential change of their taxonomic composition. Biofilms were cultivated in microcosms enriched with three different Hg concentrations (11 ± 2 pM, 121 ± 9 pM and 1454 ± 54 pM) for 55 days and examined for their accumulated Hg concentrations and composition. Bioaccumulated Hg concentrations were representative of those encountered in natural environments. Despite the lack of influence on the ash free dry weight and chlorophyll content, the surface coverage of the substrata of biofilms grown in Hg decreased. Algal community were strongly affected by Hg, with a decrease in their richness with Ochrophyta found as the most sensitive phyla. The diversity and richness of bacterial communities did not change upon cultivation in Hg but the presence of Proteobacteria increased with Hg, whereas Bacteroidetes, Actinobacteria, Verrumicrobia, and Cyanobacteria were negatively impacted. Overall, the above findings suggest that the examination of the algal community composition might be used as a potential biomonitoring tool to assess the impacts of environmental Hg concentrations on aquatic systems, which would merit further investigation.
Introduction
Freshwater biofilms are communities of microorganisms living in the substrata (rocks, plants, sediments), which play an important role in the ecology and biochemistry of streams [1] . Microalgae composing biofilms are the main primary producers of running and shallow waters, with a biomass representing between 42 to 97% of the total annual productivity of shallow lakes [2, 3] . The biotic fraction of biofilms is also composed of heterotroph organisms (fungi and bacteria), which live in symbiosis with microalgae and interlocked in a matrix of extracellular polymeric substances (EPS). As such, that natural assemblage of organisms is an important component of both microbial and phototrophic aquatic food webs [4] . In ecotoxicology, biofilms are considered as good bioindicators of water quality impairment. Indeed, they can be found in several types of ecosystems (lakes, rivers, wetlands, flood plain etc.,), whereas they possess interesting features, such as a short generation time and a diversity in their microbial composition, which quickly responds and integrates changes of environmental conditions [5, 6] .
Anthropogenic mercury (Hg) emissions have long been identified as highly disruptive for its natural biogeochemical cycle [7, 8] . Furthermore, Hg is a global pollutant and priority hazardous substance due to its high toxicity and the biomagnification of its methylated forms (MeHg), a potent neurotoxin, along the food chains. The numerous interactions between Hg compounds and biofilms have been recently comprehensively reviewed, with a specific emphasis on Hg availability, transformations and effects towards freshwater biofilms [9] . Biofilm organisms are also known to be one of the pathway entries of inorganic Hg (IHg) and MeHg into aquatic food webs [10, 11] . They are recognized to participate in the transformations of Hg in natural waters. Indeed, bioaccumulated IHg has been demonstrated to be reduced into its elemental Hg 0 form by biofilms [12] as well as methylated by inhabiting sulfate-reducing bacteria, iron-reducing bacteria, and methanogens whereas demethylation of MeHg has been also shown to occur [13] [14] [15] .
In turn, the functionality and structure of biofilms have been described to be the target of contaminants [5] . In the case of Hg, exposure studies performed with environmental biofilms under controlled conditions are scarce. The density of diatoms harbored in biofilms exposed for 34 days to 2.3 nM and 9 nM of MeHg was measured to be 2.5 and 6 times lower than the one of non-exposed biofilms, respectively [16] . That phenomenon was accompanied by a decrease of the microalgae cell size whereas a shift from sensitive to more tolerant species was also observed with the decrease of Navicula aquaedurae and with the increase of both Nitzschia palea and Fallacia pygmaea abundance. Three communities of biofilms collected at different sites along the Gallego River (Spain) and exposed to Hg in microcosms for a short period of time (1 h and 2 h) had EC 50 values varying between 0.7 µM and 3.6 µM for the most sensitive population and between 100 µM and 200 µM for the least sensitive [17] . In agreement with these studies, a shift in bacterial and microalgal communities upon Hg exposure were also evidenced in the field. That change was observed in biofilms exposed to Hg in mine-impacted rivers with the increase of the abundance of mer A (a gene encoding for a protein able to reduce IHg, process involved in bacteria Hg tolerance) with the increase of bioaccumulated Hg [18] . A similar pattern was observed in biofilms collected in reservoirs contaminated by industrial Hg release [19] . Algal species shift was demonstrated in the Gallego River with the higher abundance of the filamentous algae Oedognium and Stigeoclonium in biofilms living at the most contaminated site (~70 pM Hg), suggesting that both species could be tolerant to Hg [17] . In the Olt River (Romania) under the influence of chlor-alkali plant effluents, the dominant species in the biofilm communities were the Cyanobacteria for algae, Bacillariophyta for algae, and Taphrinomycetes for fungi [20] .
Nonetheless, in the above field studies, several environmental confounding factors such as current, light or the presence of other contaminants could modulate Hg accumulation in biofilms as well as their composition, limiting the possibility to accurately demonstrate the relationship between Hg contamination and impacts towards biofilm composition. The goal of the present study was thus to bring first insights on the long-term effects of Hg exposure on biofilm growth (biomass) and taxonomic composition.
Materials and Methods

Labware Cleaning
To avoid contamination of samples by Hg and microorganisms, microscopy glass slides and glass beakers were pyrolysed at 475 • C. All plastic ware, including exposure tanks, were cleaned using four successive baths containing soap, 10% nitric acid (two times) (HNO 3 pro-analysis, Merck, Darmstad, Germany) and 10% hydrochloric acid (HCl pro-analysis, Merck, Darmstad, Germany). Proper rinsing with MilliQ water (<18 MΩ, Millipore, Darmstadt, Germany) was performed between each step.
Biofilm Culture in Hg-Enriched Microcosms
Biofilms were grown on glass microscope slides (7.6 cm × 2.6 cm) in four distinct plastic microcosms containing 7.5 L of Geneva Lake water (no pre-treatment) with and without Hg addition for 55 days. Three of the microcosms were enriched with Hg (stock solution concentration 1 g L −1 of Hg) to reach the final measured concentrations of 11 ± 2 pM, 121 ± 9 pM and 1454 ± 54 pM (n = 6) whereas one microcosm was not contaminated with Hg and kept as a control. One hundred slides Environments 2019, 6, 28 3 of 12 (10 slides were placed vertically into 10 polypropylene (PP) baskets) were placed into each microcosm as growing supports. During the first 33 days, exposure media were renewed (7.5 L) twice a week to maintain stable Hg exposure concentrations and to amend microcosms with microorganisms. Indeed, the substrata were not colonized prior to the experiments, thus that biofilms were only cultivated in Hg. After that period, i.e., once substrata were colonized with a thin layer of biofilms, and up to the end (55 days), water was not entirely changed but a small quantity of water was added every 3.5 days to balance with the evaporation and Hg was additionally spiked into Hg enriched-microcosms. That 55 days-period allowed us to work with a sufficient amount of biofilms for bioaccumulation measurements while being able to perform microscopic measurements. Biofilms developed under 1000 lx of light with a light:dark cycle of 16:8 h and a temperature at 20 ± 2 • C. Water was continuously mixed with a submerged pump at 1 L min −1 .
Determination of the Water Quality Variables
Water temperature and pH were measured with a pH-meter (780 Metrohm, Herisau, Switzerland). For the determination of the major anion and cation concentrations, 10 mL of water was filtered at 0.45 µm with Sterivex filters (poly(ether)sulfone, Millipore, Schaffhausen, Switzerland) in PP tubes and measured with ion chromatography (Dionex ICS-3000, Thermo Fisher Scientific Inc., Waltham, MA, USA). Another 10 mL of water was further filtered and acidified to 2% HNO 3 (suprapur, Darmstadt, Germany) and analyzed for their dissolved trace metals (0.45 µm filterable, Cr, Ni, Cu, Zn, As, Mo, Cd, Pb, Se, and Co) concentrations by inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7700, Morges, Switzerland). Additionally, 50 mL were collected in 550 • C burned glass bottles, after filtration on pre-pyrolysed 0.7 µm GF/F filters (GE Healthcare Life Sciences, Glattbrugg, Switzerland) and acidified to 2 M HCl (Ultrex, J.T. Baker, VWR, Nyon, Switzerland) to be analyzed for the dissolved organic carbon (DOC) concentrations with a Shimatzu TOC-5000 (Kyoto, Japan). The above measurements were all performed in triplicate. Water samples for the analysis of the dissolved Hg concentrations [THg] were collected at the beginning of the experiments (day 0), after 5 days exposure (before Hg spike), after 33 days exposure (after the Hg spike) and after 50 days exposure (at the end of exposure). For each sampling, 125 mL of water was filtered with 0.45 µm Sterivex filters, acidified to 1% (v/v final concentration) with HCl (Ultrex, J.T Baker®, VWR, Nyon, Switzerland) and stored in 475 • C-burned glass bottles.
[THg] were analyzed by cold vapor atomic fluorescence spectrometry (CV-AFS) with a MERX Automated Analytical System (Brooks Rand Instruments, Seattle, WA, USA) following the USEPA 1631 method [21] . The detection limit of the technique was 1.8 pM (3 standard deviations of 10 blank measurements) and the certified reference material was the ORMS-5 (National Research Council Canada).
Measurements of Accumulated Hg in Biofilms
For each microcosm, six slides colonized by biofilms were sampled after 50 days of Hg exposure and analyzed for their total accumulated Hg {THg}, their non-extractable total Hg {THg} n-ext , inorganic Hg {IHg} n-ext and methyl Hg {MeHg} n-ext concentrations [19] . {THg} is the total accumulated Hg content (THg = IHg + MeHg), which represents the sum of Hg adsorbed onto organisms, particles and matrix plus Hg absorbed by microorganisms. To determine {THg}, slides were rinsed three times with 0.2 µm filtered Geneva Lake water, scraped and were collected in pre-cleaned PP tubes. For the determination of the non-extractable concentrations, colonized slides were rinsed with 100 mM cysteine (>97%, sigma-Aldrich, Busch, Switzerland) for 10 min, scraped, and stored in pre-cleaned PP tubes. The Hg content obtained with and without the cysteine-rinsing step were analyzed with an advanced Hg Analyzer (AMA) 254 (Altec s.r.l, Dvůr Králové nad Labem, Czech Republic), which has a detection limit of 0.03 ng (3 SD of 3 blanks). The TORT2 and MESS3 (National Research Council, Canada) were both used to verify the accuracy of the AMA measurements. The measurements were accepted only when their expected concentrations were in the range of the certified materials. {MeHg} n-ext was first extracted with dichloromethane from biofilms following the method previously described in reference [19] to be measured with a MERX-M Automated Methylmercury System (Brooks Rand, Seattle, WA, USA). The detection limit of the technique was measured at 4.4 nM and the certified reference material ERMCC5580 estuarine sediment was used to verify the accuracy of the extraction and measurements.
Biofilm Characterization
Biofilm biomass was assessed with the measurements of both the chlorophyll content (ng cm −2 ) and the ash free dry weight (AFDW-µg cm −2 ). For each treatment, six microscopy glass slides were scraped and stored in three Eppendorf tubes at −80 • C and lyophilized for 24 h. The chlorophyll was extracted using acetone to be further analyzed with a spectrophotometer HeLIOS g (Thermo Scientific, Reinach, Switzerland) [22] . The dry weight was measured after drying the samples at 60 • C for 48 h and AFDW was determined after an additional combustion step at 500 • C for 2 h using 3 × 6 slides.
The methods to determine the surface coverage of the substrata as well as the biotic and abiotic fractions of the biofilms have been described elsewhere [19] . Briefly, the biotic fraction was obtained after a staining of the biofilms with the probe 6-diamidino-2-phenylindodihydrochloride (DAPI) and their observation with a fluorescence microscope (Olympus BX61, Olympus, Volkestwil, Switzerland) using the DAPI channel. The percentage of the non-covered slide area (NCA) of the DAPI-stained biofilms was also determined using the DAPI channel, from which the percentage of the surface covered area was calculated by subtracting 100 to NCA. Biofilms without staining were observed in the channel DAPI to quantify the abiotic fractions (proxy of inorganic particles). Ten pictures were taken and analyzed with the software "ImageJ" to distinguish the fractions as a function of the hue, saturation, and brightness of the pictures [23] .
Amplicon sequencing was performed to investigate the bacterial and microalgal composition. For each microcosm, biofilm (~10 mg) was collected and stored in Eppendorf tubes at −80 • C. The biofilm DNA were extracted using the Power Biofilm DNA kit (Mo-Bio, Carlsbad, CA, USA) and according to the provider instructions. Total DNA was quantified with a Qubit 2.0 fluorimeter (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). The pair primers 1053F (5'-GCATGGCYGYCGTCAG-3'), 1319R (5'-CGACGCCATCTTCATTCACAT-3') and D512F (5'-ATTCCAGCTCCAATAGCG -3'), D978R (5'-GACTACGATGGTATCTAATC-3') were used as in our previous study [20] . These primers were selected to determine major bacterial and microalgal phyla [24, 25] . Biofilms DNA were sent and analyzed with the Roche 454 FLX sequencer by "Research and testing laboratory" (Lubbock, TX, USA). For each condition, the OTU (Operational Taxonomic Unit) richness, the rarefied richness, the Simpson's diversity index and the turnover of each biofilm were calculated to assess the richness and diversity of the bacterial and algal communities [20, 26] . The obtained sequences of microalgae and bacteria were submitted in the GenBank database under the sequence read archive (SRA) section with the following numbers: SRP131223 [27] .
Statistics
Statistical analyses were performed on the log values of the mean {THg} and {IHg} n-ext and on the mean values of {MeHg} n-ext , chlorophyll concentration and AFDM. The normality and homogeneity of their variances were tested with the Shapiro-Wilk and Bartlett tests, respectively. The significant differences between each treatment were assessed using a one-way ANOVA (Analysis of Variance) followed by the Tukey's HSD (Honestly Significant Difference) test. Rarefaction curves, species and rarefied richness, and Simpson's diversity index were obtained with the package Vegan [28] . The OTUs presence-absence were represented with Venn diagrams [29] . The software R was used to perform the statistical analyses [30] . 
Results and Discussion
Biofilm Culture Conditions
Culture media, which were composed of Geneva Lake water enriched with Hg, were characterized by a pH value of 8.2 ± 0.2, a DOC concentration of 1.4 ± 0.2 mg L −1 and a Ca 2+ concentration of 1.14 ± 0.03 mM (Table S1 ). The measured trace metal concentrations were low, with a Cu and Zn concentrations of 8.09 ± 0.49 nM and 9.55 ± 0.78 nM, respectively. These levels of the nutrients are in accordance with the mesotrophic, with a low-eutrophic tendency, condition of the Lake Geneva [31] and was thus appropriate to serve as a culture media, in which the presence of high concentrations of pollutants was not expected. The addition of Hg into the microcosms allowed us to obtain three dissolved culture Hg concentrations, i.e., 11 ± 2 pM, 121 ± 9 pM, and 1454 ± 54 pM dissolved Hg. A factor of approximately 10 was used between each studied concentration, with the first two studied Hg concentrations representing those measured in freshwater lakes, 121 pM being found in rather highly contaminated systems [32] . After 5 days of cultivation, almost all Hg in solution was depleted ( Figure S1 ). That phenomenon was possibly due to a combination of adsorption to microcosm walls and biofilm supports, volatilisation under Hg 0 form, and bioaccumulation, which was overcome with the renewing of the culture media or with its Hg spiking.
Hg Accumulation by Biofilms
The cultivation of biofilms in Hg led to the increase of bioaccumulated Hg ( Figure 1I ) as compared with the unexposed control biofilm. Biofilms grown in the control microcosm already contained a natural background of 332 ± 17 pmol g dw −1 of {THg}. Comparable {THg} was found in biofilms grown in 11 pM Hg (p = 0.05; n = 3) whereas at 121 pM Hg and 1454 pM Hg, {THg} was 2.2-times and 25-times higher than the one measured in control biofilms, respectively. The natural {THg} background measured in the present study is in good agreement with those previously measured in biofilms grown in Geneva Lake, in which {THg} was found to vary between 86 and 214 pmol.gdw -1 depending on the biofilm age [22] . Measured {THg} in biofilms collected in various Hg-impacted rivers range in a wide range between 269 pmol to 1.7 µmol g dw −1 [9] . The extremely high concentration of 1.7 µmol g dw −1 of {THg} was measured in biofilms collected in the Idrijca River (Slovenia), close to a former Hg mine, where high concentrations of dissolved Hg (272 ng L −1 ) were measured [33] . The present studied biofilms are thus situated at the lower end of Hg bioaccumulation globally measured, suggesting that Hg is most probably not of concern for the water quality of the Geneva lake water surrounding our water sampling site, in agreement with the very low measured dissolved Hg concentrations.
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(I) (II) Comparing Hg accumulation between biofilms to infer conclusions on the quality of their ambient water should, however, be taken with caution. Indeed, Hg accumulation is not only dependent on the concentration of Hg in the ambient water but also of their surrounding environmental parameters (substrata, light, current, temperature), water chemical variables (pH and DOC concentration), and composition [9] . Indeed, taxonomic composition and biofilm thickness were Comparing Hg accumulation between biofilms to infer conclusions on the quality of their ambient water should, however, be taken with caution. Indeed, Hg accumulation is not only dependent on the concentration of Hg in the ambient water but also of their surrounding environmental parameters (substrata, light, current, temperature), water chemical variables (pH and DOC concentration), and composition [9] . Indeed, taxonomic composition and biofilm thickness were recently shown to modulate Hg uptake kinetics in freshwater biofilms [22] . Moreover, in contrast with other metals such as Cu, Zn, Pb or Cd, Hg could be further transformed by biofilms and be excreted under its methylated and elemental form. Such processes would decrease accumulated Hg and led to a misinterpretation of accumulated Hg values. Further studies are needed to identify and quantify the extent with which such processes take place in biofilms grown under our experimental conditions.
The measurement of the total accumulated Hg in biofilms included Hg adsorbed to particles and microorganisms, Hg bound to the EPS matrix and Hg intracellularly taken up by biofilms. Applying a rinsing-step with cysteine allowed us to remove the non-specifically bound Hg and to get closer to the actual Hg (intracellular) concentration that would impact the microbial communities. In the present study, {IHg} n-ext , proxy of the intracellular fraction, measured in the control biofilm represented 39% of {THg} (130 ± 27 pmol g dw −1 ). Similar {IHg} n-ext was observed upon cultivation in 11 pM Hg with the percentage of {IHg} n-ext being 89% (176 ± 98 pmol g dw −1 ). At 121 pM Hg and 1454 pM, {IHg} n-ext increased 3.9-times (non-significant) and 22.5-times (2.7 ± 1.2 nmol g dw −1 ), respectively.
Interestingly, the fraction of {IHg} n-ext as compared to {THg} decreased up to 14% at the higher Hg concentration (that percentage is 65% for biofilms grown in 121 pM Hg). These measured {IHg} n-ext in control and Hg-cultivated biofilms were found to be comparable with those measured in biofilms grown in~150 pM Hg for 24 h (between 886 pmol g dw −1 and 1.6 nmol g dw −1 ) [22] and collected in a chlor-alkali impacted river (between 167 pmol gdw −1 (control reservoir) and 1 nmol gdw −1 (highly affected reservoir) [19] . The decrease of {IHg} n-ext proportion as compared to {THg} with the increase of Hg in the culture media might be the result of the microbial community response to Hg exposure. Indeed, at the highest Hg concentration, microorganisms might have developed strategies to cope with higher ambient Hg concentration and thus accumulation. They might have regulated their metal transporters to limit Hg uptake [34] . They might also have formed larger amounts of EPS or modified their EPS synthetized structure to more efficiently sequestered Hg [35] . Finally, the culture conditions might have changed the microbial species communities with microbes less prone to accumulate Hg (see Section 3.3). Further research would be needed to better understand the role of each process in the increase of adsorbed Hg in Hg-exposed communities.
No direct relationship between {MeHg} n-ext and Hg concentrations in the culture media could be established and the maximal {MeHg} n-ext (19.60 pmol g dw −1 ) was found in the control biofilms, representing 5.9% of {THg} ( Figure 1II ). A decrease in the fraction of {MeHg} n-ext as compared to {THg} was observed with the increase of Hg cultivation concentration, with values of 1.6%, 0.29%, and 0.08% in biofilms exposed to 11 pM, 121 pM and 1454 pM, respectively, reflecting the large increase in {THg}. Such low percentage of {MeHg} n-ext was also found in biofilms grown in Hg-contaminated reservoirs [19] . That lack of {MeHg} n-ext increase found in the present study with the increase of culture Hg concentrations contrasts with the large body of evidence reporting methylation occurring in biofilms [15, 36, 37] . However, comparison is difficult to make since only the total bioaccumulated MeHg (adsorbed + absorbed) as well as the production of MeHg in the exposure media are usually measured. Overall, our measured concentrations of bioaccumulated Hg were found to be representative of those encountered in natural environments, even at the highest dissolved Hg culture concentrations.
Hg Impacts on Biofilms
Biofilm Biomass
The effects of Hg on substrata colonisation by biofilms were firstly examined by determining the biofilm chlorophyll content, their biomass, and the surface coverage of the substrata (Figure 2) . The Environments 2019, 6, 28 7 of 12 chlorophyll content of the control biofilm was 3.7 ± 0.6 ng cm −2 and was observed to be significantly higher upon cultivation in 11 pM Hg (7.0 ± 0.7 ng cm −2 ) and 121 pM Hg (7.5 ± 1.1 ng cm −2 ). A decrease back to comparative levels (5.4 ± 0.5 ng cm −2 ) than the control was observed at 1454 pM Hg ( Figure 2I ). The photosynthetic system is a well-known target of Hg in phototrophic organisms, leading to a decrease of chlorophyll a concentration [38, 39] , but at much higher Hg concentrations (~µM) than those studied in the present study. Moreover, IHg has been shown to have beneficial properties as electron acceptors for photomixotrophs in limited CO 2 conditions, suggesting that the photosynthetic system might not be impacted under certain conditions [40] . As such, the possible effects of Hg growing concentrations towards photosynthetic bacteria and microalgae may not detectable in the present study using the chlorophyll content. No significant difference was observed in the AFDM of the control and Hg-culture biofilms ( Figure 2II ). The surface coverage of the substrata for biofilms grown under control conditions (7.5 ± 2.5%) and in 11 pM Hg (7.5 ± 1.9%) were low ( Figure 2III ), which was accentuated at the two highest Hg concentrations with values at 4.6 ± 2.5% and 3.3 ± 2.6% for biofilms grown in 121 pM and 1454 pM, respectively. Lower surface coverage was also observed in biofilms growing in reservoirs contaminated with Hg as compared to biofilms collected in upstream site and in less-Hg contaminated reservoirs [19] . The biotic (including all organisms harbored in biofilms) and abiotic fractions (all inert particles within biofilm) were comparable among biofilms ( Figure 2IV ). present study using the chlorophyll content. No significant difference was observed in the AFDM of the control and Hg-culture biofilms ( Figure 2II ). The surface coverage of the substrata for biofilms grown under control conditions (7.5 ± 2.5%) and in 11 pM Hg (7.5 ± 1.9%) were low ( Figure 2III ), which was accentuated at the two highest Hg concentrations with values at 4.6 ± 2.5% and 3.3 ± 2.6% for biofilms grown in 121 pM and 1454 pM, respectively. Lower surface coverage was also observed in biofilms growing in reservoirs contaminated with Hg as compared to biofilms collected in upstream site and in less-Hg contaminated reservoirs [19] . The biotic (including all organisms harbored in biofilms) and abiotic fractions (all inert particles within biofilm) were comparable among biofilms ( Figure 2IV ).
(I) (II) (III) (IV) Figure 2 . Composition of the control biofilm and biofilms grown in 11 ± 2 pM, 121 ± 9 pM and 1454 ± 54 pM Hg; (I) chlorophyll concentration (n = 3), (II) ash-free dry weight (AFDM) (n = 3), (III) surface coverage area (n = 10) and (IV) abiotic and biotic fractions (n = 10). Letters (a, b, c and A) indicate significant differences between treatments for the studied characteristics (p < 0.05).
Bacterial Biofilm Composition
Bacterial community composition of the studied biofilms was determined by amplicon sequencing. Their OTUs richness was found to increase with Hg cultivation concentrations, from 209 in the control biofilms to 291 in biofilms exposed to the highest Hg concentration. That result can be partly explained by the increase of measured total sequences from 1269 to 45,251, also observed with Hg concentrations (Table 1) . Indeed, standardization of the richness index with the calculation of the Figure 2 . Composition of the control biofilm and biofilms grown in 11 ± 2 pM, 121 ± 9 pM and 1454 ± 54 pM Hg; (I) chlorophyll concentration (n = 3), (II) ash-free dry weight (AFDM) (n = 3), (III) surface coverage area (n = 10) and (IV) abiotic and biotic fractions (n = 10). Letters (a, b, c and A) indicate significant differences between treatments for the studied characteristics (p < 0.05).
Environments
Bacterial community composition of the studied biofilms was determined by amplicon sequencing. Their OTUs richness was found to increase with Hg cultivation concentrations, from 209 in the control biofilms to 291 in biofilms exposed to the highest Hg concentration. That result can be partly explained by the increase of measured total sequences from 1269 to 45,251, also observed with Hg concentrations (Table 1) . Indeed, standardization of the richness index with the calculation of the rarefied richness demonstrated that the bacterial species richness remained comparable to the control at the highest Hg concentration (rarefaction curves are presented in Figure S2I ). Nevertheless, a decrease could be observed in the biofilms grown in 11 pM and 121 pM treatment. That observation is in line with our previous field study showing the higher richness of bacteria in the contaminant-affected reservoirs vs the uncontaminated reservoir [20] . The Simpson's diversity index was found to be very high for all the bacterial communities (mean value of 0.96) and similar among microcosms, demonstrating that the studied bacterial communities were very diverse and that the most frequent taxa were equally distributed, without dominant OTUs. Moreover, their turnover indicated that their diversity remains insensitive to Hg concentrations. Thirty-eight OTUs were unique to the control biofilm, which represented 10% of the total bacteria abundance. That percentage of unique OTUs remained low in the Hg-exposed biofilms with values ranging between 3% and 5% ( Figure 3I ). As a consequence, the percentage of shared OTUs was high and represented 55% (control) to 71% (121 pM Hg) of the total abundance. The Proteobacteria were the most abundant phyla, with a proportion that increased upon Hg concentrations, e.g., from 68% in the control biofilms to a maximum of 86 % in biofilms exposed to 121 pM Hg ( Figure 3II) .
In that phylum, the Betaproteobacteria was the most abundant class, representing 19% of the total abundance in the control. That proportion increased with the increase of Hg culture concentration, representing 38%, 47% and 40%, of the total class in the biofilms grown in 11 pM, 121 pM, and 1454 pM Hg, respectively (Table S2I ). The observed sensitivity of Proteobacteria to Hg is in agreement with a recent study showing that the largest variation observed among taxa in microbial communities exposed to 250 pM Hg concerned Proteobacteria [41] . Additionally, the percentage of Bacteroidetes, Actinobacteria, Verrucomicrobia, and Cyanobacteria decreased upon cultivation in Hg ( Figure 3II ). These results contrast with those findings suggesting that Cyanobacteria and Bacteroidetes were tolerant to Hg [20, 42, 43] and demonstrate that the species of Cyanobacteria and Bacteroidetes present in the studied biofilms were not tolerant to Hg.
Environments 2019, 6, 28 9 of 12 cultivated in 11 pM, 121 pM, and 1454 pM Hg, respectively. For each biofilm, microalgal communities were dominated by three phyla, i.e., Bacillariophyta, Chlorophyta, and Ochrophyta ( Figure 3IV) . However, the percentage of Ochrophyta decreased in each biofilm grown in Hg whereas Chlorophyta increased in microcosms containing 11 pM and 1454 pM, except in biofilms exposed to 121 pM (Table  S2II ). The disappearance of Ochrophyta was also observed in the field with the degradation of the water quality concomitant with an increase of Hg concentration [20] . 
Conclusions
The present study presents our first results on the influence of the long-term Hg exposure to bacterial and microalgal biofilm communities. The low Hg concentration increase in the biofilm 
Algal Biofilm Composition
The total sequences corresponding to algal communities decreased upon Hg exposure, which was accompanied by the decrease of the OTUs richness (Table 1) . However, in contrast to the bacteria, the rarefied richness was also lower in Hg-grown biofilms than in control biofilms, suggesting that those low Hg concentrations impacted the algal community richness of our studied biofilms (the rarefaction curves are presented in Figure S2II ). The studied algal communities were very diverse with an averaged Simpson's diversity index of 0.85 and was not affected by the cultivation in Hg, except at 11 pM exposed biofilms, which had a calculated index of 0.77. This result suggests that the microalgal community grown at 11 pM was more heterogeneous. Finally, both biofilms grown in 11 pM and 1454 pM Hg had a higher turnover than those grown in 121 pM, making it difficult to conclude on Hg effects on the β-diversity of the studied algal communities. Note that the bacteria turnover values were higher than those of algae, suggesting that the bacteria reacted more rapidly to Hg exposure than algae.
Eight OTUs assigned to microalgae were specific to the control biofilm (0.6% of the total abundance) ( Figure 3III ). Again, that percentage remained low in Hg-grown biofilms with values of 0.4%, 4% and 0.2% in 11 pM, 121 pM, and 1454 pM Hg. In total, 32 OTUs were shared among the biofilms, representing 92%, 96%, 88%, and 92% of the total abundance in the control biofilm and those cultivated in 11 pM, 121 pM, and 1454 pM Hg, respectively. For each biofilm, microalgal communities were dominated by three phyla, i.e., Bacillariophyta, Chlorophyta, and Ochrophyta ( Figure 3IV) . However, the percentage of Ochrophyta decreased in each biofilm grown in Hg whereas Chlorophyta increased in microcosms containing 11 pM and 1454 pM, except in biofilms exposed to 121 pM (Table S2II ). The disappearance of Ochrophyta was also observed in the field with the degradation of the water quality concomitant with an increase of Hg concentration [20] .
Conclusions
The present study presents our first results on the influence of the long-term Hg exposure to bacterial and microalgal biofilm communities. The low Hg concentration increase in the biofilm culture media (up to 1454 pM) resulted in the enhancement of Hg accumulation in biofilms, and for both total and non-extractable fractions. That Hg bioaccumulation did not negatively affect the biofilm chlorophyll content, neither their AFDM, but a decrease of the surface coverage of the substrata (used as a proxy for biofilm growth) was measured. Additionally, the richness and diversity of the bacterial communities were not affected by Hg, whereas modification could be observed at the phyla level with an increase of Proteobacteria and a decrease of Bacteroidetes, Actinobacteria, Verrucomicrobia, and Cyanobacteria. A stronger impact was observed on algal communities with a decrease of their rarefied richness with Hg concentrations. The communities were dominated by Chlorophyta and Bacillariophyta under all treatments, while the Ochrophyta significantly decreased in the Hg-enriched microcosms. That algal sensitivity to Hg might be an asset to develop biomonitoring tools to assess the degradation of water quality by Hg in the field but will need to be confirmed through additional long-term experiments using complementary Hg treatment and replicates.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3298/6/3/28/s1, Figure S1 : Measured mercury concentration in microcosms at the beginning of the exposure (measured after Hg addition, Day 0) and after 5, 33 and 55 days of cultivation, Figure S2 : Rarefaction curves from the amplicon sequencing of (I) bacteria and (II) microalgae in control biofilm and in biofilms grown in 11 ± 2 pM, 121 ± 9 pM and 1454 ± 54 pM Hg for 55 days, Table S1 : Average pH, temperature and concentration of dissolved organic carbon, trace metals and major anions/cations of the Geneva Lake water (± SD, n = 3), Table S2 : Taxonomic ranks of the major microorganisms living in biofilms as well as the number of sequences and their abundance (%) calculated with OTUs assigned to (I) bacteria and (II) microalgae after 50 days of exposure to IHg. The abundance was calculated by dividing the specific number of sequences assigned to an OTU to the total number of sequences, multiplied by 100. 
